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Abstract

An experimental study was made to measure the mean flow field and acoustic
power of a subsonic jet 1mp1ng1ng normal to a large rigid surface.

A 6.25 cm

diameter, circular cool air jet was used at heights of 20, 10, and 5 jet
diameters above the surface. The jet exit Mach number was var1ed from 0.28 to
0.93. Impact and static pressure surveys were made in directions both axial

and lateral to the jet axis and also parallel and perpendicular to the surface.

Acoustic power was calculated from microphone measurements made during each
test run using a diffuse field calibration for the test facility. Results
indicate that the flow field for jet impingement is characterized mainly by a
strong rise in static pressure in the impingement region near the surface
and by boundary layer development in ghe wall jet region. Acoustic power
measurements generally followed a law for both the free jet and jet
impingement although there was some variation especially at high Mach number
and for close impingement distances. Overall noise levels increased with
decreasing jet-to-surface height. Normalized power spectra correlated well
for all cases when the Strouhal number was greater than 0.2; the corre]at1on
was poor when the Strouhal number was low.
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Megsurements of Mean Flow and Acoustic Power For

A Subsonic Jet Impinging Normal to a Large Rigid Surface

by

Arthur P. Schloth

SUMMARY

An experimental study was made {o measure the mean flow field and acoustic
power of a subsonic jet impinging normal to a large rigid surface. A 6.25 cm
diameter, circular cool air jet was used at heights of 20, 10, and 5 jet
diameters above the surface. The jet exit Mach number vas varied from 0.28 to

0n_02 ™
S

et > 4
e s Al P U (9

atic pressure surveys were made in directions both axial
and lateral to the jet axis and also parallel and perpendicular to the surface.
Acoustic power was calculated from microphone measurements made during each
test run using a diffuse field calibration for the test facility. Results
indicate that the flow field for jet impingement is characterized mainiy by

a stroné rise in static pressure in the impingement region near the surface

and by goundary layer development in the wall jet region. Acoustic power

measurements generally followed a U8 law for both the free jet and jet

- impingement although there was some variation especially at high Mach number

and for close impingement distances. Overall noise levels increased with
decreasing jet-to-surface height. Normalized power spectra corre.ated we'll
for all cases when the Strouhal number was greater than 0.2, the correlation

was poor when the Strouhal number was low.
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INTRODUCTION

With the current applications of impinging jet flows for STOL aircraft
and air cushion vehicles, and with concurrent requirements forilow neise
aircraft, this research was conducted to investigate some related character-
istics of'the mean flow field and acoustic radiation of a normal impinging
jet. DNumerous studies have been made‘of the flow field of impinging jets.
Among the more recent comprehensive studies in which the mean and turbulent
characteristics of impinging Jets were measured are the experimental surveys
conducted by Donaldson and Snedeker (ref. 1), Hrycok, Lee and Gauntner
(ref. 2), and Brady and Ludwig (ref. 3). Investigations have also been made
of the acoustic radiation of impinging jets. However, in most cases they have
included additional noise effects due to flow at the edge of the surface or
over a flexible surface. Some studies of this nature have been conducted by
Olseﬁ, Miles and Dorsch (ref. 4) and Hayden (ref. 5).

The pufpose of this experiment was to study both the fluid dynamics and
the acoustics of a circular subsonic jet impinging on a large rigid surface.
Results are presented on the mean flow field and acéustic power for a jet
impinging perpendicul#r to the surface.

The experimental tests were coﬁducted in the NASA Langley 55 foot Vacuum
Cylinder where subsonic jet flow at the exit (6.25 cm diameter circﬁlar
nozzle) of the test apparatus was prodﬁced by the preésure difference of
internal partisl vacuum and external atmospheric pressure. The experimental
configurations were that of a free jet and impinging jet at various
heights (20, 10, and 5 jet diameters) above the surface. For each configu-

retion, tests at several Mach numbers from .28 to .93 were conducted. Due




to the favorable reverberant room characteristics of the test facility, suit-

able experimental conditions were present to measure the acoustic diffuse

field. Acoustic power was calculated for all test cases. Also, by automated
and remotely controlled experimental equipment, mean flow surveys of the flov
field both in the Jet and near the surface were conducted. Results of the
experimental measurements are presented as mean velocity profiles, statie
pressure distributions, total acoustic power levels and acoustic power spectra

in third octave bands.

SYMBOLS
o Local fluid speed of sound, m/s
B Chamber barometric pressure, inches of Mercury
(mm of Mercury)
D Inner diameter of the jet, m
£ Freguency, Hz
fc Third octave band center frequency, Hz
L Impingement height of jet exit to surface, m
L Average third octa&e band sound pressure level,
p dB ref. .00002 N/m
Lw Third octave band sound power level, dB ref. lO._12 watts
Jet exit Mach number
ex
Pa Measured differential static pressure relative to ambient
chamber pressure, N/m°
Pc Measured chamber internsl ambient pressure, N/m2
P - Measured absolute static pressure, N/m2




External (atmospheric) pressure, N/m2

Measured differential impact pressure relative to ambient
chamber pressure, N/m -

Measured absolute impact pressure, N/m2
Mean sound pressure microphone measurement, N/m2
Sound pressure reference level, .00002 N/m2

Radial coordinate along plate from the center of
impingement, m

Measured chamber internal ambient temperature,lOR
Average reverberation time, s

Vertical velocity component of flow, m/s

Jet axial vertical velocity, m/s

Jet exit velocity for free jet cases, m/s
Jet exit velocity for impingement cases, m/s
Radial velocity component of flow, m/s
Volume of test chamber, ft3 (m3)

Surface radial velocity, m/s

Vertical coordinate above plate, m

Axial distance from jet exit, m

Local fluid mass density, kg/m3

Local fluid viscosity, N-s/m°

Jet exit mass flow rate, kg/s




TEST SYSTEM DESCRIPTION

Test Apparatus

The test apparatus (fig. 1) was designed so that a subsonic turbulent jet
could exhaust at selected heights above a large flat rigid surface. The NASA
Langley 55 foot vacuum cylinder (fig. 2) with an internal air volume of 379k
cubic meters was used as a blow down facility to induce a subsonic jet flow
at the exit of the teét apparatus. By controlling the cylinder low pressure
conditions, a uniform jet flow was obtained at the exit of a circular cross
section of pipe, 6.25 cm in diameter. A bellmouth inlet port external to
the cylinder induced smooth uniform flow at low velocity through a 6 meter
long, 24 cm diameter flexible rubber hose inside the vacuum cylinder. The
2k cm hose was attached to a fixture which allowed the exit of the pipe
Jjet to be positioned at selected heighté above the impinged surface. The
flow cross section was contracted at the fixture to induce high velocity flow
through the 4 meters of 6.2 cm inner diameter pipe. A curved section was made
in the pipe to orient the pipe jet exit normal to the plate. A straight
section of 1.5 meters after curvature and a final .5 meter section of smooth
machined aluminum pipe yielded a uniform velocity profile at the pipe exit.

Internal cylinder conditions were monitored to within 1 mm Hg accuracy by
-a Hasting pressure gauge. A pneumstically controlled conical inlet
port plug was used to regulate the jet flow. Operating times were controlled
to minimize errors due to pressure equalization in the vacuum cylinder to 3 mm
of Hg/minute at low internal pressures.

The rigid impinged surface was made of aluminum alloy 2.9 meters by 1.8

meters and 2.54 em thick. It was fastened about its perimeter to a 5 inch
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steel channel. Rubber material was used between the plate and the channel to
damp vibrations. The point of jet impingement was at least .9 meter from

any edge of the plate.
Test Procedure

The experiments were conduczted with the pipe jet directed downward at
various he;ghts. The test conditions included the free jet and impingement
cases of 20, 10, and 5 jet-diameters above the surface, with jet exit Mach
numbers ranging from .28 to .93. Some preliminary tests were conducted to
check the stability of the test apparatus, jet exit flow conditions, back-
ground noise, and reverberant room characteristics.

The Jjet exit flow conditions were first calibratéd by an impact pressure
probe measurement across the jet exit. The chamber operating conditions were
then used to produce the desired jet exit velocities. The stability of the
test apparatus was monitorgd by accelerometer measurements on the pipe jet
during operating conditions. The test facility was also evaluated for suitable
reverberant room characteristics. The criteria for using the facility as a
reverberant room was that there were adequate volume, shape, and wall
absorption to diffuse the sound field so that the acoustic spectra was nearly
uniform throughout the room. A diffuse field calibration procedure was
" conducted to evaluate the reverberant room characteristiés using three micro-
phone locstions. The calibration procedures are described in Appendix A.

Due. to the axisymmetry of a normal impinging jet, only a two dimensional
survey of the flow field was necessary. The jet axial velocity decays were
determined from impact andistatic pressure measurements using the formulation

of Appendix B. The decay of radial velocity of the jet flow spreading over the



surface was calculated from the measured total head pressure of an impact

probe resting on the surface. Boundary layer total pressure profiles were
measured at several radial stations from the stagnation point for the cases

of impingement. However, both impact pressure and static pressure measurements
were determined to be inaccurate in the impingement region due to high
turbulence and large lateral velocity components due to the deflected flow.
Therefore, impact and static pressure measurements were made only at heights
greater than one jet diameter above the surface and impact pressure measure-
ments of the boundary layer profiles were made only at radial stations at

least one jet diameter from the center of impingement.

The impact pressure was measured by a probe of .05 cm outer diameter
hypodermic tubing, and static pressure measured using the static ports on a
round nose .16 cm outer dismeter Pitot probe. The sensitivity of the pressure
transducer instrﬁmentation yielded resolntion to .01 mm of mercury. D.C. volt
digital output of the pressure profiles were recorded on magnetic tape with a
digital data acquisition system. The lateral pressure profiles were measured
by traversing the impact and static probe in tandum on a mechanism that allowed
slow uniform lateral motion. The jet axial pressure profiles as well as
boundary layer préf{iés along the plate were measured with an impact probe

while traversing vertically either along the jet centerline or at a radial

-station.

The acoustic measurements were made during a set of runs independent than
those for the flow measurements. For all test conditions (i.e. Free jet,
L/D = 20, 10, 5) the acoustic pressure data were taken with three 12.7 mm.
condenser microphones at separate positions in the chamber. The measured

noise was recorded on a multi channel tape recorder and the sound pressure




level spectra were analyzed later using a 1/3 octave band real time analyzer.
The arithmetic average of the sound pressure levels from the three microphone
positions was used along with the calibrated average reverberation times of
the chamber to calculate the acoustic power spectrum. |
During each of these tests accelerometer measurements were also made to
detéfmine the surface accelerations due to the jet flow impingement. These

agcelerations were found to be negligible in all runs.
DISCUSSION OF RESULTS
Mean Flow Results

Using the terminology defined in references 2 and 7, the mean flow
characteristics of jet impingement can be separated into four characteristic
regions.

Referring to figure 3, the first region is called the jet mixing region.
It extends from the nozzle exit to the end of the potential core. The
uniform velocity core interacts with the ambient air forming a highly turbulent
surrounding mixing region. This mixing region dissipates the uniform mean
velocity of the potential core.

The second regioﬁ is designated the transition regioﬁ. It starts
immediately at the end of the potential core and is characteristic of
axisymmetric free turbulent jet flow. The axial decay of velocity and
spreading becomes proportional to the downstream axisl distance.

The third region is designated the impingement region and is characterized
by unsteady turbulent flow and deflected flow patterns essentially induced by

the back pressure from the point of impingement. The impingement region is




therefore marked by an axial velocity deceleration and a regime of increased
static pressure.

The fourth region is called the wall jet region. It begins where the
radial surface velocity starts to decay due to spreading, and the surface
boundary layer thickness increases. The transition from the impingement
region is rapid and the wall jet region forms established radial flow with
self-similar mean velocity profiles. ’

The mean flow results for the free jet and the three impingement cases,
L/D = 20, 10, and 5, are presented in Figures 4-8. All the mean velocity data
have been non-dimensionalized by the free jet case exit velocity, Uex' Static
pressure has been non—dimensionalized by the vacuum cylinder internal pressure.
The data are presented for jet exit velocities of 293., 186., and 98. m/sec.

From figure h-a to L-c the jet axial static pressure in the impingement
region is seen to be positive relative to ambient. This is typical of the
impingement case where a back pressure at the surface causes an upstream
effect of more positive static pressure and therefore reduced upstream
velocities. The results of the axial velocity surveys are also presented in
figures b-a to b-c. The axial extent of the constant velocity potential core
is shown to vary only slightly with the exit velocity and impingement height
(éxcept, of course, for the L/D = 5 case, where the core never fully dissapates
" before the effect of the plate is felt). The effects of increased static
pressure due to flow stagnation in the impingement region are shown to extend
1l or 2 jet diameters above the impinged surface.

A radisl decay of the total head pressure slightly above the surface was
measured to determine the extent of the impingement region and the flow

spreading over the surface. The radial velocity decays, as presented in




figures S5-a to 5-c; were calculafed by assuming local static pressure equal to
ambient. The impingement region is nominally defined to extend radially from
the stagnation point (R/D = 0) to the position where the radial surface
velocity begins to decrease (between 0.4 and 1.8 jet diameters). This
decrease in radial ﬁelocity near the surface designates a transition point

to radial spreading of the impingement region. As expected, the impingement
region is largest for the largest L/D case.

The boundary layer profiles of the jet spreading over the plate were
also survéyed and results for the 293 m/sec velocity case are presented in
figures 6-a to 6-c. The boundary layer surveys were made at radiai
distances of one to five jet diameters from the stagnation point. The

velocity_profiles illustrate the extent of the surface shear layer. A nominal

s the
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boundary layer thickness &, defined
and shown by the dashed curve on the figures, separates this shear layer from
the turbulent mixing region of the wall jet. From the boundary layer prgfiles
the radial flow can be seen to diffuse rapidly due to radial spreading over
the surface. At outer radial positions from about 3 to 5 jet exit diameters
the boundary layer profiles approach a similar shape independent of

the jet-to-plate separation distance. This wall jet profile is characterized
by reduced shear stress at the wall and a fully developed turbulent velocity
profile.

Surveys of the lateral mean velocity profiles and lateral static pressure
distributions were made for the free jet case of 293 m/sec and are bresented
in figure 7. The alterations of the mean flow structure for the cases of
impingement are given in figures 8 and 9, at one and two diameter heights

above the impinged surface. The velocity profiles at 1 and 2 diameters above
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the impinged surface are shown not to differ much from the profiles of the

corresponding free jet locations at 2'/D = L4, 8, 19. However the measured

- static pressure distributions to indicate a change due to back pressure effects

for the impingement cases. It must be noted that the static pressure measured
near the impinged surface may include turbulent dynamic pressure and therefore
may be in error. Therefore only qualitative results are indicated by these

lateral velocity profiles and static pressure distributions.
Acoustic Results

The acoustic radiation from a normal impinging jet is due to jet noise
and impingement noise sources. Jet noise is modelled claésically as convected
quadrupole patterns, and a dimensional analysis of the dependence of the
sound field can be given in terms of a typical velocity U in the flow, a
characteristic length £, and the density p and speed of sound o of the
external atmosphere (ref. 8). The ana.ysis shows that for nonconvected
quadrupole like radiation from turbulent flow, the total sound power P is

proportional to

The jet noise components of free jets are included in the acoustic power
measurements on impinging jets. For the cases of normal jet impingement the
characteristic free jet regions have been deflected and spread uniformly over
the large rigid surface. The designated impingement and wall jet regions may

present additional effects as noise producing regions. Since the impinged
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surface is large and rigid, the acoustic radiation measured will include the
reflection of the local acoustic quadrupole.sources of the flow (ref. 9). The
magnitude of quadrupole source reflections depends on the location and scale
of the sources near the surface.

For a large rigid surface, there is no dipole sound radiation due to the
flexibility of the surface or from flow discontinuities at the edges of the
plate. However, a dipole source term can exist due to the fluctuating viscous
shear stress at the bounding solid surface (ref. 10). The additional acoustic
power radiated from such a dipole source term may be taken to be proportional
to the sixth power of the velocity near the surface.

The*diffuse field sound pressure level measurements were made for each

impingement case at the same chamber pressure rﬁtios as listed for the free
Jet cases
sound pressure levels in the third octave bands were calculated. The acoustic
power spectra and total acoustic power were calculated following the procedures
for diffuse field noise measurements outlined in Appendix A.

The total acoustic power levels are presented in figure 10. For each jet
exit veloeity, the data show the free jet and 20-jet-height power levels to be
within +1dB of each other. As the jet-height is lowered to 10 and 5, the
power level increases. The results correlate to the 'UB' law for all
conditions with the exception of the highest velocity, L/D = S case. However,
as will be shown later in this report, a unique feedback phenomena was present
vwhich resulted in increased power levels at this condition. These results

indicate that the quadrupole source terms predominate for jet impingement and

the source terms become larger as the jet height is lowered.
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Third octave power spectré are presented in figures ll-a to 11-4 for
each run. The data shows the broadband nature of the noise and similar shaped
distributions independent of the velocity. The 2000 hertz tone apparent in
the L/D = 5 data is believed to be caused by an acoustic standing wave. The
flow measurements show that for the 293 m/sec free jet, the jet potential core
extends approximately 5 jet diameters and thefefore the basic fluid structure
exists for an accustic standing wave from flow-surface interactions. This
tonal radiation for close cases of impingement and high jet exit Mach number
has been studied in greater depth in reference 1l.

Power spectral data normalized to the overall power levels are plotted
against the dimensionless jet exit Strouhal number (f‘c D/ﬁex) in figures
12-a to 12-h. The peak Strouhal number is seen to be generally concentrated
in the .2 to .3 band for most cases. For the high velocity, L/D = 5 cases,
the peak is slightly higher. Spectral shapes agree very well for the
high Strouhal numbers; the agreement becomes poor at the lower Strouhal
numbers.

The power spectral data calculated from the third octave band
levels were also normalized to the respective free jet overall acoustic
power level (OAPWij) and plotted in figures 13-a to 13-c¢c. These plots
make more evident the deviation of the acoustic power spectral density
and spectra frequehcy content of the impingement cases from the respective
free jet case. For the cases of impingement the/spectra frequency content
becomes more concentrated the closer the case of impingement. Therefore
additional sources of acoustic radiation have contributed noise in

addition to the broadband free jet mixing noise.
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CONCLUSIONS

An experimental study has determined mean flow parameters and acoustic
power radiation for numerous cases of a normall& impinging 6.2 cm~diameter
cold sir jet. From static and total head pressure probe surveys, mean velocity
profiles and static pressure distributions were calculated. The mean flow
measurements were used to define the varicus flow regions of impinging jets.
For subsonic flow at jet impingement heights of 20, 10, and 5 jet diameters,
the impingemeht region was noted to extend from the stagnation point to 1 to 2
jet diameters upstream and from .I to 1.8 jet diameters radially. The radial
decay of velocity spreading over the impinged surface and the boundary layer
mean velocity profiles showed the flow to be independent of jet height by the
time the flow was three nozzle diamgters away from the jet axis.

The acoustic sound pressure levels were measured in a reverberant field
and the acoustic power spectra and overall acoustic power calculated by diffuse
field procedures. Acoustic power measurements generally followed a U8 law
for both the free jet and jet impingement, although there waé some variation
especially at high Mach number and for close impingement distances. Normalized
power spectra correlated well for all cases when the Strouhal number was greater

than 0.2; the correlation was poor when the Strouhal number was low.
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APPENDIX A

Reverberant Field Measurement Procedures

The procedures for calculating acoustic sound power spectrum from measured
sound pressure levels in a reverberant field were used as séecified in the
ASA Standard S 1.2. The.following procedures specified in reference 12 were
used to determine the suitability of the test chamber as a reverberant room.

(1) An evaluation of the diffuse field characteristics was made byAthree
microphone measurements in‘the test chamber. The microphone locations complied
with the requirements that they be at least a 1/L4 wavelength from the room
surfaces for the lowest frequency of interest.

(2) A broad band "white noise" source was positioned where the impinéing
Jet would be typically located above the rigid plate during testing. The
source and the impinged surface were located in the test chamber complying
with the requirements that they be at least 1/4 wavelength awgy from all sur-
faces of the room. .

(3) A diffuse field calibration was made by instantaneous switch»— offs
of the "white noise" source and measurement of the mean-square pressure
level decay with time at each microphone in each filtered third octave band
of interest. These calibration tests were conducted at ambient pressure
conditions in the chamber equal to atmospheric.

(4) Incorporating the diffuse field calibration, the sound power spectrum
of an impinging jet source in the test chamber can be calculated by the

following equation from 81.2 subsection 3.5.10.
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APPENDIX A
= I, - FF- -
L Lp + 10 log,y Vy - 10 log o Tgp - 29.5 + c2 (A 1)
where:
LW - the sound power level in decibels referenced to 10_12 watt for all
frequency bands of interest.
i; ~ the average sound pressure level, of the three microphone measurements,
in decibels referenced to 0.0002 microbar.
VO - the total air volume of the reverberation chamber in cubic feet.

T, - the average reverberation time, determined from the diffuse field cali-

bration, for the frequency bands considered with the source in place,

Cy, - 10 loglo (30/B), a correction to standard atmosphere

/

B ~ baromatric pressure in inches of mercury

.

Using equation (Al), the acoustic power spectra was calculated for the
average sound pressure level measured in the reverberation room. A background
noise correction is included in the final-values used for E; in the
“calculations. To not only illustrate the results of equation (Al) but to
validate the diffuse field measurements, sample measurements are presented
in figures 1l and 15. Experimentally acceptable agreément is shown by
three microphone measurements in the Reverberant room during a test. These
results along with the indicated background noise of figure l& were used to

calceulate the Lp and L., spectrum of figure 15.




o
1

16

APPENDIX B

Flow Field Calculation Procedures

The desired flow results were calculated from the measured quantities

using the equations given in reference 13.

o
|

+d
|

H
|

H
1

the loecal Mach number for steady isentropic flow is given by

t

= z%[(?‘—-)% -]

where

P =P +P
s c

is the total (stagnation) pressure, and

= +
PL Pa Pc

Using the notation
Stagnation pressure (differential pressure)

Static pressure (differential pressure)

Ambient chamber pressure (absolute pressure)

Ambient chaMbef tempefature (degrees Rankine)

Stagnation temperature (degrees Rankine),

(B-1)

(B-2)

(B-3)

is the local (static) pressure. The local velocity (UL) is then calculated

from the measured dynamic pressure by the Bernoulli Equation for compressible

flow:
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APPENDIX B

(Pt - PL) =1/2 P UL2 (1 + MLQ/ b + (2-k) M.Lh/ 24 + ,.) (B-k4)

where pL is the local density. Assuming that the jet total temperature is

equal to the external chamber tenmperature Tt’ the local temperature is given

by
( PL ) k;l
t
and therefQre. . ......-
The jet exit Reynolds number was calculated from
R =p U D/u (B-T)
where p is the local fluid viscosity given by Sutherland's formula
TL 1.5 8
u = 108.7 X 10 (B-8)
T, - 198.6
and the jet exit mass flow rate was obtained from:
A
: f 3 (5e0)
m= o, UL dA -9

where Aj is the jet exit cross sectional area.
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TABLE I

MEASURED FLOW PARAMETERS

-1

Chamber | Impingement Jet Exit
Pressure Ratio ! Distance Velocity
(Pe/Po) | (/D) (Uex, mfs) |
b6 ! 5 286.4
.52 , 5 261.3
.59 | 5 233.6 i
.66 : 5 20k.2 |
.72 . 5 179.9 ‘
.19 : 5 153.6 i
.86 ! -5 123.4 %
.92 ‘ 5 92.1 :
|
el 10 290. &
S 10 267.5 .
. 10 239.7
10 212.7
10 185.5
10 161.1
10 129.6
10 91.L
20 290.6
20 268.5
20 242, 7
20 21h,7
20 186.2
20 158.8
20 132.4
20 97.9

s e e 22 et S % ¢ -
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Figure 4. - Axial distributions of velocity and static pressure.
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Impingement cases. Uy, = 293 m/s.




.05 R

Pc
1
\\
€
5

_..c:.._f..o.o_~_ - 7‘/ . e gt s
& B SR i g ag
+ —
é Yp= IDZ'/;:Q)
S s S e St e s ey B S e i
1.0 ;
lrrsnzr-ﬁll T T
\
T 4
|
L]/ \
B e : :/ \ L
: ) & |
A
6 / y |
! W |
5L T
3 ; /, /’{.\\ \&i ’
S 4 TR BN Lo
y N i
B / Y \ \',’ng)@ 3 ~
/ /l ‘ &) |
2 i II % \ A u
Vs ~ { \\ :
7/ : {
:—/ // / \\ i \ \?\\ )
\ ~
/ 1/ \L NS
NN
2

boLd 151%11.4,1
R/D
Figure 9. - Radial distributions of velocity and static pressure at z/D= 2.

Impingement cases. U, =293 m/s.




+4

" £310072A J1%0 13 SnsI9A xamod 21ISNOOE 1e0L - ‘01 2andig

A.Um.w \. $AFLIND huimeraN X3 12af ;5.._‘....

Lo g OO oz 00 of 414

—_ - R N S | | 1 |
. \\-‘
L 2

§ :a’7-¢

ol =a/1-v

oz =qQ/1 ~-n

13L 3334 — @

Ok

- oQ!

- oll

or!

- ogl

130377 D3CnNC4 ﬂw:as/xc

&§2J 3\0)

(SJ-J.VMZ‘_O\




PWL (DB)

PWL (DB)

8?.40 9?.0 1([0_. 0 1*0.0

79.0

6?.0

®

WTE: TiLAGGED 7iM - PAKE FPEAK VA UL~

5?.0

ll[‘l. 0

3?.0

100 180 250 MO0 630 1000 1800 2500 4000 6300 L0000 L6000/
FREQUENCY (HZ)

(a) Free jet

Figure 11. - One-third octave power spectra.

1256 200 315 500 600 1250 2000 §1S0 S000 8000 12500 20000



1?0.0

90.0

PWL (DB)
70.0 80.0

PWL (DB)
® o

.0

49.0

1}0.0

3?.0

PefPa = 46

~2

<3

51

'Ia‘o(o

T2

» 19

=17

92

125 200 815 SO0 000 1250 2000 3150 S000 8000 12500 20000
100 160 250 W4oU 630 1000 1600 2500 WOOC 6300 10000 16000

FREQUENCY (HZ)
(b) L/D = 20

Figure 11. - Continued.




1

1?0.0 I}0.0

PWL (DB

PWL (DB)
60.0 0.0  .60.0 90.0

5?.0

llq.O

3?. 0

125 200 815 S00 600 1250 2000 3150 5000 8000 12500 20000
100 1680 250 40D 650 1000 L6DD 2500 4000 €300 LOODO L8000

FREQUENCY (HZ)

(¢) L/D =10 ‘
Figure 11. - Continued.




PWL (0B) PWL (DB)
0?.0 9?.0 190. 1%0. 1?0. 11}0.

7?. 0

6?.0

1‘9.

5?.0

\6"\, guo

126 200 815 500 600 1250 2000 3150 S000 8000 12500 20000
100 180 250 W00 630 1000 1600 2500 4OOO 8300 10000 16000

FREQUENCY (HZ)

(d) L/D =5

Figure 11. - Concluded.




Eree jet
L/D = 20
L/D =10
L/D=5

-?0.0
S b oo

-!{o;o

(D8)
~50,0

(a) P./P = .46

PSD~0RPHL
-§0.0

e

bt e 1yt

—?0.0 3.0

-40.0

(D8)
-50.0

(b) Pc/Po = .53

PSD-0RPHL
~60.0

«10.0

I EER v i 1L il
01 1 1.0 10.

STROUHAL NUMBER ( £.D/Ued)

-80.0

Figure 12. - Power spectra normalized to overall power levels for jét impingement.




(08)
-50.0

PSD-CAPKL

~30.¢

-40.0

-?0.0

-10.0

(c) P /P, = .59

1L 1 JEiin Lt il } ¢+ L L1l

(0B)
-50.0

PSO-0RPKL

-?0,0 0.0

'-ltO. 0

-?0.0

-10. 0

{!0. 0

o

. “ Y\

(d) Pc/Po =.66

.07

IR B A R N
" i 10

STRounAL £ =~ &

Figure 12. - Continued.




(0B
'-?0. 0

PSD-0RPHL

(0B)
-30.0

PSO-0RPWL

00

.?(

-40.0

~?0.0

~T0.0

RN oy

‘601 1]

-40.0

-80.0

0.0

.U iy

1 1.0

STREUHAL NUM3ZR ( £.D/Ue)

BRI L

10,

BRI

ol

-1 /
STRuHAL NumBeR

Figure 12. - Continued.

1o

(e) Pc/Po = .72

(f) Pc/Po = .'79



(0B)

PSO-0RPHL

(08)

PSO-0RPKL

-30.0

it
£
o
&
)
rd
o
[]
prd
[~}
'?-
et
g . N N N N N ITT
' N
Y o
3 i(«f
o
°
8-
[)
o
g
1
ped
< ¢ —
x () P_/P, = .92
(=]
g: P § b1 1 P reying P 1 P tit1s
LS| ol 1.0 10,

STROUHAL NUMBER ( +D Tav)

Figure 12. - Concluded.



"ST2A9T damod [Texsao jaf-aaxj 0) pazifewrou vrjoads zamog - ‘€1 aandr g

(v = °a/°a) s/w geg =

(ZH) AON3N03H4 4,

.:—9§:88§=8m~83 guanu Qoh 0S¢ g Su

NOD. Adv

¢ 00S2Y 0008 000S OSIE 0002 0set 00S St 002 A
_- JJ)
:___ .._________:___:____:_w
¥
‘ )
-
o
a
o
o |.mm_
O .Om
2
=
r
bl
-'e]
=]
°®
- 1 3
Ol = a-v a
0Z = aq/ -0
1a¢ 333, -0 , @
L
o
o

o T 4




‘panunjuo) - ‘g1 dIn3ig

2

(@ = °a/°a) s/w 981 =">"n (d)

(ZH) AON3N03H4 7,

¢
g_gaggygmmgﬁguos 0Ch 052 081 001

. 00002 00S2T 0008 000S OSIE 0002 0S21 008 00s SIE 002 Sel ),
EERERERREREEEERRRREERERRRE R Rk
&
o
(=)
-
w
"
Q
CES
e
-
—
&
=
IR =)
o
. &
.m,UQ\J..O = 7
oy - G4 -V e
O.Nn..,\H\r.-D
130 3wA4- @
Y
e
Q
s T e

Ry ] N el



*papnIduo) - "¢ 2N

(z6" = °a/°a) s/w g = *°n (9)

(ZH) AONJNO3H4 3,

00091 00001 00E3 0OOh 00S2 0091 0001 068 8: 0se 'u 8—
00002 00SC1 0008 000S OSIE 0002 0SS 008 008 SIE 002

0°oL-

______.__:___:___________:_:_
&
2
Q
-
v
L0 O
85
D
=
=
.,.uql
E
=]
°®
L&
S =d/- 2
Gl QM -V o
ONUQ\A.ID‘
13¢ 3334 - @
ma
o
Q

o Ty 5
M as



R s

R P

el

B .0 19.0

SOUND PRESSURE LEVEL (DB)
50.0

9'_' '/Backgrouhd N‘o7se
AN NN
o~ 126 200 31S 500 800 1250 2000 3156 5000 6000 12500 20000

100 180 250 4OO 630 1000 1800 2500 4YODD 8300 10000 18000

‘s FREQUENCY (HZ)

Figure 14. - Sample reverberant room microphone measurements and background

noise. L/D = 20. Uy = 290 m/s




man @

¥
€ 4irng

I}0.0

TS
(-0 ' watt )

1?0.0

CLp (ref. 2x [0™% N/M?)

20.C
!

Diffuse fleld calibration

19.0

5]

'Q Lod,¢ TbO
o]

B g

'.?;ﬂ

o 125 200 315 500 800 1250 2000 3150 S000 8000 12500 20000
100 180 250 400 630 1000 1600 2500 4000 6300 10000 18000

£ ' FREQUENCY (HZ)

Figure 15. - Sample diffuse field calibration correction, sound pressure level, and

power spectra. L/D = 20. Uex =290 m/s.




